Introduction
AlGaN/GaN high electron mobility transistors (HEMTs) are now receiving great attention because of their potential applications to high-power and high-frequency devices (Mishra et al., 2008 ). An output power of more than 32 W/mm is reported at 4 GHz for the 0.55 μm gate-length device (Wu et al., 2004) , and a current-gain cutoff frequency (f T ) of 163 GHz is obtained for 0.06 μm gate length (Higashiwaki et al., 2006) . However, slow current transients are often observed even if the gate voltage or the drain voltage is changed abruptly (Binari et al., 2002) . This is called gate lag or drain lag, and is problematic in circuit applications. The slow transients indicate that the dc current-voltage (I-V) curves and the RF I-V curves become quite different, resulting in lower RF power available than that expected from the dc operation (Binari et al., 2002; Mishra et al., 2008) . This is called power slump or current collapse. This current reduction in RF I-V curves or pulsed I-V curves is also referred to as current slump, RF dispersion and knee-walkout behavior. These parasitic effects are serious problems, and there are many experimental works reported on these phenomena (Khan et al., 1994; Daumiller et al., 2001; Ventury et al., 2001; Koley et al., 2003; Mizutani et al., 2003; Koudymov et al., 2003; Meneghesso et al., 2004; Desmaris et al., 2006) , but, only a few theoretical works are reported recently (Braga et al., 2004; Meneghesso et al., 2004; Tirado et al., 2007) . The literature suggests that the surface properties (surface states) play an important role in these phenomena, but traps in a buffer layer could also affect the characteristics (Binari et al., 2002; Desmaris et al., 2006) . It is also shown that the gate lag and current collapse can be reduced by introducing a field plate (Koudymov et al., 2005) . This is considered due to a decrease in surface-state effects. It is well recognized that the field plate can improve the breakdown voltage and the power performance, because the electric field at the drain edge of the gate is reduced (Karmalkar & Mishra, 2001; Ando et al., 2003; Xing et al., 2004; Saito et al., 2005; Pala et al., 2008) . However, it is not well understood whether the field plate affects buffer-related lag phenomena and current collapse. In the previous theoretical works by device simulation, effects of a donor-type surface state (near the valence band) on gate lag and pulsed I-V curves of AlGaN/GaN HEMTs were studied (Meneghesso et al., 2004; Tirado et al., 2007) , and a bulk deep-acceptor effect (~ 1 eV) above the midgap of GaN was studied for the gate lag (Braga et al., 2004) . However, the types of traps and their energy levels seem to be artificial. Therefore, in this article, we have made two-dimensional transient simulations of AlGaN/GaN HEMTs with a buffer layer in which trap levels based on experiments are considered, as in our previous work on GaN MESFETs (Horio et al, 2005) , and showed that the lag phenomena and current collapse could be reproduced (Horio & Nakajima, 2008) . Also, we have studied dependence of current collapse on the impurity densities in the buffer layer and on an off-state drain voltage. Additionally, we have analyzed effects of introducing a field plate on buffer-related lag phenomena and current collapse (Nakajima et al., 2009) . In Section 2, we describe physical models used here, such as analyzed device structures, traps in the buffer layer, and basic equations for the device analysis. Calculated draincurrent responses are described in section 3 in terms of drain lag, gate lag and pulsed I-V curves (current collapse). The dependence of current collapse on the impurity densities in the buffer layer and on an off-state drain voltage is also described. In section 4, effects of introducing a field plate on buffer-related lag phenomena and current collpase are described. Fig.1 shows modeled AlGaN/GaN HEMT structures analyzed in this study. Fig.1 (a) is a normal structure without a field plate, and Fig.1(b) is a structure with a field plate. The gate length L G is 0.3 μm, and the source-to-gate distance L SG is 0.5 μm. The gate-to-drain distance L GD is typically set to 1 μm in Fig.1 (a) and 1.5 μm in Fig.1(b) . Note that in Fig.1(b) , the gate electrode extends on to SiN passivation layer. This is called field plate. The field-plate length L FP is typically set to 1 μm. The thickness of SiN layer d is varied as a parameter between 0 and 0.1 μm. Polarization charges of 10 13 cm -2 are set at the heterojunction interface, and the surface polarization charges are assumed to be compensated by surface-state charges, as in (Karmalkar & Mishra, 2001 ). As a model for the buffer layer, we use a three level compensation model which includes a shallow donor, a deep donor and a deep acceptor (Horio et al., 2005) . Some representative experiments show that two levels (E C -1.8 eV, E C -2.85 eV) are associated with current collapse in GaN-based FETs with a semi-insulating buffer layer (Klein et al., 1999; Binari et al., 2002) . Therefore, we use an energy level of E C -2.85 eV (E V + 0.6 eV) for the deep acceptor, and for convergence problem, we use E C -1.7 eV for the deep donor. (Note that the origin of these deep levels is not well known and our treatment is only an assumption.) Other experiments show shallower energy levels for deep donors in AlGaN/GaN system or in GaN (Kruppa et al., 1995; Morkoc, 1999) , so that we vary the deep donor's energy level (E DD ) as a parameter. Here, the deep-donor density (N DD ) and the deep-acceptor density (N DA ) are typically set to 5x10 16 cm -3 and 2x10 16 cm -3 , respectively. The electron and hole capture cross sections for the deep donor are set to 10 -13 cm 2 and 10 -15 cm 2 , respectively, and the electron and hole capture cross sections for the deep acceptor are both set to 10 -15 cm 2 . The shallow-donor density in the buffer layer N Di is set to 10 15 cm -3 . Here, it should be noted that when N DD > N DA , the deep acceptors are usually fully occupied by electrons that are supplied from the deep donors, and the ionized (empty) deep donors act as electron traps (the ionized deep-donor density N DD + is nearly equal to N DA under equilibrium).
Physical Model
Basic equations to be solved are Poisson's equation including ionized deep-level terms, continuity equations for electrons and holes which include carrier loss rates via the deep levels, and rate equations for the deep levels (Horio et al., 2000; Horio et al., 2005) . They are expressed as follows. 1) Poisson's equation (1) 2) Continuity equations for electrons and holes
where (4)
3) Rate equations for the deep levels (8)
where N DD + and N DA  represent ionized densities of the deep donors and the deep acceptors, respectively. C n and C p are the electron and hole capture coefficients of the deep levels, respectively, e n and e p are the electron and hole emission rates of the deep levels, respectively, and the subscript (DD, DA) represents the corresponding deep level. The above basic equations are put into discrete forms, and are solved numerically. We have calculated drain-current responses of the AlGaN/GaN HEMTs when the drain voltage and/or the gate voltage are changed abruptly. 
Parasitic Effects in AlGaN/GaN HEMTs

Drain lag
First, we describe a case when only the drain voltage V D is changed. Fig.2 shows calculated drain-current responses of normal AlGaN/GaN HEMTs when V D is raised abruptly from 0 V to 20 V (upper) or when it is lowered abruptly from 20 V to 10 V (lower), where the gate voltage (V G ) is kept constant at 0 V. Here N DD is 5x10 16 cm -3 and N DA is 2x10 16 cm -3 , and three cases with different E C -E DD are shown. In the cases when V D is raised, initially an extremely large transient overshoot is observed (Horio and Fuseya, 1994) . This is because the drain voltage is initially applied along the gate-to-drain bulk region. This initial current decays as the space-charge region at the gate edge extends toward the drain. After this extreme overshoot, the drain currents decrease gradually, reaching steady-state values, although slight undershoot is observed just before reaching the steady state for E C -E DD = 0.5 eV and 1.0 eV. On the other hand, when V D is lowered, initially a large transient undershoot is observed. This is also due to the abrupt change of drain voltage, as described above (Horio and Fuseya, 1994) . Then, the drain currents remain at low values for some periods ("quasi-steady state") and begin to increase slowly, showing drain-lag behavior. The response is faster for shallower E DD , and for E C -E DD = 1.7 eV, the drain current I D remains at a low value even at 10 6 s. The change of drain current (ΔI D ) between the quasi-steady state and the steady state is not so dependent on E C -E DD . Fig.3 and Fig.4 show electron density profiles and ionized deep-donor density N DD + profiles, respectively, as a function of time t when V D is raised from 0 V to 20 V, where E C -E DD = 1.0 eV. From Fig.3(b) , we can see that electrons are injected into the buffer layer when V D is raised, and at this time (t = 10 -10 s), the deep donors are not almost responding (see Figs.4(a) and (b)). It is understood that I D decreases due to electron capturing by the deep donors. In fact, from Figs.3(c) and 4(c), it is seen that electron densities in the buffer layer are decreasing and N DD + is decreasing particularly under the source-to-gate region. The undershoot or slight increase in I D before reaching the steady state, which was observed in Fig.2 , is regarded as a result of over capturing or due to electron emission by deep donors around the drain side of the gate region (see Figs.4(a) and (d) ). On the other hand, in the case when V D is lowered, the response is simply understood by (captured) electron emission process of the deep donors. In fact, the current rise time is roughly consistent with the deep donor's electron-emission time constant given by 1/e n,DD , which becomes 3.9x10 -5 s and 9.8x10 3 s for E C -E DD = 0.5 eV and 1.0 eV, respectively. The time constant for E C -E DD = 1.7 eV becomes quite long (> 10 10 s), so that I D remains at a low value even at t = 10 6 s, as was seen in Fig.2 . Here, it should be mentioned that above drain lag phenomena (overshoot and undershoot behavior) are also reported experimentally in AlGaN/GaN HEMTs (Binari et al., 2002; Meneghesso et al., 2004) .
Gate lag and pulsed I-V curves
Next, we describe a case when the gate voltage V G is also changed (from an off point). This indicates that gate lag as well as drain lag could occur due to deep levels in the buffer layer. We will describe below why the gate lag arises. Fig.6(a) , in the on state, some potential drops are observed between source and gate (and between gate and drain). The potential drop is given by I (current) x R (resistance), and hence the large current and relatively large resistance become a cause of the visible potential drop. This indicates that source access resistance (and drain access resistance) is not negligible. It is understood that due to this potential drop at the source side, when V G becomes negative and the channel is depleted, electrons under the gate are not all pushed into the source and drain electrodes, but can be injected into the buffer layer as seen in Fig.6(b) . (Note that the energy barrier at the channel-buffer interface can be weakened under the gate when V G becomes strongly negative.) These electrons are captured by deep donors, and hence N DD + decreases in the off state, as seen in Fig.6(c) . Because of this increase in negative space (Horio et al., 2000) , where visible potential drops are not observed in the on state between source and gate. This is because the current density is relatively low and the parasitic resistance is low due to the higher electron mobility. Therefore, in the case of AlGaN/GaN HEMTs, we can say that relatively high source access resistance is correlated to the gate lag. The high access resistance in AlGaN/GaN HEMTs is considered problematic because it degrades the high-frequency performance (Palacios et al., 2005) . Next, we describe I-V characteristics. Fig.7 shows calculated I D -V D curves of the normal AlGaN/GaN HEMT with a semi-insulating buffer layer, where N DD = 5x10 16 cm -3 , N DA = 2x10 16 cm -3 and E C -E DD = 1.0 eV. The solid line is the steady-state I-V curve. In this figure, we plot by point (x) the drain current at t = 10 -8 s (after V G is switched on) as a parameter of V Don (V D ). This is obtained from calculated turn-on characteristics like Fig.5 , and hence this curve corresponds to a quasi-pulsed I-V curve with pulse width of 10 -8 s. (In this figure, for reference, we are also plotting other quasi-pulsed I-V curves (○, Δ) when only V D is changed, which reflect overshoot and undershoot (cf. Fig.2) .) It is seen that the drain currents in the pulsed I-V curves are rather lower than those in the steady state, and the current reduction due to drain lag is regarded as predominant in this case (V Doff = 40 V). This clearly indicates that the current collapse could occur due to the slow response of deep levels in the buffer layer. This type of current reduction (current collapse) is commonly observed experimentally in AlGaN/GaN HEMTs. 
Current collapse
In this section, we describe dependence of current collapse on the impurity densities in the buffer layer and on the off-state drain voltage.
Dependence on deep-acceptor density
We have calculated dependence of drain-current responses and I-V curves on impurity densities in the buffer layer, and found that these are essentially determined by the deepacceptor density N DA when N DD > N DA and E C -E DD is the same. For example, I-V curves for N DD = 2x10 17 cm -3 and N DA = 2x10 16 cm -3 are almost the same as those for N DD = 5x10 16 cm -3 and N DA = 2x10 16 cm -3 shown in Fig.7 (The difference is 2 ~ 3 %). This is because when N DD > N DA , the ionized deep-donor density N DD + becomes nearly equal to N DA under equilibrium, and the space-charge region in the buffer layer consists of negative charges due to ionized deep acceptors. Therefore, we will show N DA dependence of the characteristics. Fig.8 shows calculated I D -V D curves of normal AlGaN/GaN HEMTs with different N DA (5x10 15 cm -3 , 10 17 cm -3 ) in the buffer layer. Here, N DD = 2x10 17 cm -3 and E C -E DD = 1.0 eV. The solid lines are steady-state I-V curves, and the dashed lines (x) are quasi-pulsed I-V curves with pulse width of 10 -8 s, which are obtained from calculated turn-on characteristics, as described before. It is seen that for lower N DA , the steady-state drain currents are higher, and the saturation behavior is poor. This is because a barrier between the channel and the buffer is less steep and the current component via the buffer layer becomes larger. This type of short-channel effect is recently discussed in (Uren et al., 2006) . Combined with Fig.7 , it is also clearly seen that the current collapse is more pronounced for higher N DA . This is because the ionized deep-donor density N DD + , which acts as an electron trap, is higher for higher N DA , and hence the trapping effects (or the resulting current collapse) are more 
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Advanced Microwave and Millimeter Wave Technologies: Semiconductor Devices, Circuits and Systems 66 significant for higher N DA . Here, it should be mentioned that for lower N DA , the current collapse could be reduced, but the threshold voltage shifts toward negative bias due to the higher buffer current, although this current should become small when L G is long. Therefore, there may be a trade-off relationship between reducing current collapse and obtaining sharp current cutoff.
Dependence on off-state drain voltage
Finally, we describe dependence of current collapse on the off-state drain voltage V Doff . Fig.9 shows a calculated steady-state I D -V D curve (solid line) and quasi-pulsed I-V curves (x; with pulse width of 10 -8 s) which are derived from calculated turn-on characteristics. The parameter is V Doff . Here, L GD = 1.5 μm, N DD = 2x10 17 cm -3 , N DA = 10 17 cm -3 and E C -E DD = 1.0 eV. It is seen that for higher V Doff , the drain currents in the pulsed I-V curves are lower at a given V D . Therefore, it can be said that the current collapse is more pronounced when V Doff is higher. Although some current reduction is seen when only V G is changed (gate lag), the current reduction due to the change of V D (drain lag) is regarded as predominant for the cases of higher V Doff . Fig.10 shows (a) electron density profiles and (b) N DD + profiles in the off state for the two cases. The left is for V Doff = 20 V (V G = V th = -7.50 V) and the right is for V Doff = 80 V (V G = V th = -8.56 V). It is seen that for higher V Doff , electron densities in the buffer layer are higher under the gate and the gate-to-drain region, because electrons are injected into the buffer layer by the applied drain voltage. These electrons are captured by the deep donors, and hence N DD + decreases more heavily, as seen in Fig.10(b) . Hence, when V G is switched on and V D is lowered from higher V Doff , the drain current remains at a lower value. Therefore, the current collapse is more pronounced for higher V Doff . The tendency shown in Fig.9 is also reported experimentally in AlGaN/GaN HEMTs (Koudymov et al., 2003) . 
Effects of Field Plate
Drain lag
Next, we describe effects of a field plate. First, we discuss about the drain lag. Fig.11 shows a comparison of calculated drain-current responses of AlGaN/GaN HEMTs (N DD = 2x10 17 cm -3 , N DA = 10 17 cm -3 , E C  E DD = 0.5 eV) when V D is lowered abruptly from V Dini (40 V) to V Dfin abruptly, where the gate voltage V G is kept constant at 0 V. Fig.11(a) is for the case without a field plate (L FP = 0) and Fig.11(b) is for the field-plate structure (L FP = 1μm). In Fig.11 , the thickness of SiN layer d is 0.03μm. In both cases with and without a field plate, the drain currents remain at low values for some periods and begin to increase slowly, showing drainlag behavior. It is understood that the drain currents begin to increase when the deep donors in the buffer layer begin to emit electrons. This electron emission occurs because for higher V D , more electrons are injected into the buffer layer and captured by deep donors, leading to a more negatively charged buffer layer. It is seen that the change of drain current is smaller for the cases with a field plate, indicating that the drain lag is smaller for the field-plate structure. We will discuss below why the drain lag or the trapping effect becomes smaller in the field-plate structure. Fig.12 shows (a) electron density profiles and (b) ionized deep-donor density N DD + profiles at V G = 0 V and V D = 40 V for the AlGaN/GaN HEMTs. The left is for the structure without a field plate, and the right is for the field-plate structure. In Fig.12(a) , we see that for the structure without a field plate, electrons are injected deeper into the buffer layer under the www.intechopen.com Fig.12(b) . As mentioned before, when V D is lowered abruptly, the drain currents remain at low values for some periods and begin to increase slowly as the deep donors begin to emit electrons (and N DD + increases), resulting in the drain lag. In the case of field-plate structure, as seen in Fig.12(a) , electrons are injected into the buffer layer under the drain edge of field plate as well as under the gate. But the overall injection depth is not so deep as compared to the case without a field plate. Hence, the change of N DD + by capturing electrons is smaller for the field-plate structure as seen in Fig.12(b) . This occurs because the electric fields at the drain edge of the gate become weaker by introducing a field plate, as shown in Fig.13 . (Note that in the field-plate structure, the electric fields at the drain edge of the field plate can be strong for thin d.) Therefore, the drain lag becomes smaller for the field-plate structure. 
Pulsed I-V curves and current collapse
Next, we have calculated a case when V G is also changed from an off point. V G is changed from the threshold voltage V th to 0 V, and V D is changed from V Dini (40 V) to V Don (on-state drain voltage). The characteristics become similar to those in Fig.11 , although some transients arise when only V G is changed (gate lag). From the transient characteristics, we obtain quasi-pulsed I-V curves. Fig.14(a) is for the structure without a field plate, and Fig.14(b) is for the field-plate structure (L FP = 1 μm). The solid lines are steady-state I-V curves. In these figures, we plot by (Δ) the drain current at t = 10 -8 s after V D is lowered. This is obtained from the previous transient characteristics (Fig.11) , and this curve (dashed line) is regarded as a quasi-pulsed I-V curve with pulse width of 10 -8 s. This reduction in the drain current indicates the drain-lag behavior. In these figures, we also plot by (x) another pulsed I-V curve when V G is switched www.intechopen.com on from V th to 0 V. The drain current in this case is further reduced, indicating gate-lag and current collapse behavior. The current collapse is a combined effect of drain lag and gate lag. By comparing the cases with and without a field plate, we can definitely say that the lag phenomena (drain lag, gate lag) and current collapse become smaller for the field-plate structure.
Dependence on SiN layer thickness
Finally, we have studied how the lag phenomena and current collapse depend on the fieldplate length L FP and the SiN layer thickness d. We have found that the lag phenomena and current collapse become smaller when L FP becomes longer in the range from 0 to 1 μm. This may be easily understood, because trapping effects should be reduced for longer L FP . Hence, we will here focus on the dependence of lag phenomena and current collapse on the SiN layer thickness d. Fig.15 are for the field-plate structures, except for d = 0. When d is thick, the current collapse and lag phenomena are relatively large. As d becomes thinner, the current collapse and lag phenomena become smaller. This is because the buffer-trapping effects are reduced in the field-plate structure, as described in sections 4.1 and 4.2. However, the rates of current collapse and drain lag increase when d becomes very thin. This is understood that for very thin d, the electric field at the drain edge of the field plate becomes very strong, and electrons are injected deeper into the buffer layer under the field-plate region, contributing to the current collapse and drain lag. When d = 0 (L G = 1.3 μm), that is, without a field plate, the current collapse becomes rather large. From Fig.15 , we can say that there is an optimum thickness of SiN layer to minimize the buffer-related current collapse and drain lag in AlGaN/GaN HEMTs. 
Conclusion
Two-dimensional transient analyses of AlGaN/GaN HEMTs have been performed in which the three level compensation model is adopted for the buffer layer, where a shallow donor, a deep donor and a deep acceptor are considered. Quasi-pulsed I-V curves have been derived from the transient characteristics, and compared with steady-state I-V curves. It has been shown that the lag phenomena and current collapse could be reproduced, as in GaN MESFETs (Horio et al., 2005) . When the drain voltage is lowered abruptly, the drain currents remain at low values for some periods and begin to increase slowly as the deep donors begin to emit electrons, showing drain-lag behavior. As compared with the case of GaN MESFETs, relatively large gate lag due to buffer traps could arise, and it is correlated to relatively high source access resistance in AlGaN/GaN HEMTs. Both the drain lag and the gate lag become causes of current collapse. The current collapse has been shown to be more pronounced when the deep-acceptor density in the buffer layer is higher and when an off-state drain voltage is higher, because the trapping effects become more significant. The drain lag could be a major cause of current collapse in the case of higher off-state drain voltage. It is concluded that to minimize current collapse in AlGaN/GaN HEMTs, an acceptor density in the buffer layer should be made low, although the buffer current becomes large and short-channel effects become significant when the gate length is short. Some ways to reduce the short-channel effects such as using a heterojunction buffer may be needed. Here, it should be mentioned that to clarify surface-state effects in AlGaN/GaN HEMTs, which are not considered here, is an important task yet to be done. Effects of introducing a field plate have also been studied. It has been shown that the drain lag is reduced by introducing a field plate because the electric field at the drain edge of the gate becomes weaker and electron injection into the buffer layer is reduced, resulting in the www.intechopen.com Advanced Microwave and Millimeter Wave Technologies: Semiconductor Devices, Circuits and Systems 72 smaller buffer-trapping effects. It has also been shown that the buffer-related current collapse and gate lag are reduced in the field-plate structure. The dependence of lag phenomena and current collapse on SiN layer thickness has also been studied, indicating that there is an optimum thickness of SiN layer to minimize the buffer-related current collapse and drain lag in AlGaN/GaN HEMTs.
